1. Introduction {#sec1}
===============

Tissue lost caused by disease, trauma or congenital abnormalities is often beyond self-healing and required transplantation to replace missing form and function \[[@bib1],[@bib2]\]. Though auto-transplantation is considered as the "gold standard", the high risk of donor site morbidity and limited source of donor tissues still restricted its application in clinic \[[@bib3]\]. To address this issue, tissue engineering was developed to recreate functional biological replacement tissues and organs for their damaged counterparts via constructions of biomaterials and signaling cues \[[@bib4],[@bib5]\]. Among these, the tissue microenvironment has emerged as a key determinant of cell behavior and function for the development of functional and biomimetic materials \[[@bib6]\]. The engineered constructs should provide physical support and biological signals, as well as mobilized endogenous cells for tissue repair \[[@bib1],[@bib2]\]. Based on these, naturally derived materials with appropriate microenvironment are attractive due to their biophysical and biochemical cues, and their potential in modulation of cell-cell and cell-extracellular matrix (ECM) interactions \[[@bib4],[@bib7], [@bib8], [@bib9], [@bib10]\].These biomaterials providing physiological fashion have been drawn attention as a new generation of biomaterial and biomaterial modification for tissue engineering to induce the formation of functional tissue by harnessing endogenous regenerative capacity *in situ* \[[@bib3],[@bib11]\].

ECM, secreted by multiple cells in tissues or organs, is a naturally fibrous network of proteins, glycosaminoglycans and proteoglycans precisely arranged in a tissue-specific 3D architecture and provides specialized local microenvironments \[[@bib12]\]. Increasing evidences demonstrated advantages of ECM in tissue engineering and regenerative medicine \[[@bib3],[@bib12],[@bib13]\]. Intrinsic biochemical and mechanical cues in ECM regulated cell phenotype and function in development, in homeostasis and in response to injury \[[@bib12],[@bib14]\]. Communications between endogenous cells and matrix directed the process of tissue regeneration \[[@bib15], [@bib16], [@bib17]\]. However, the challenge of ECM-based biomaterials is what kind of ECM is the most suitable for specific tissue regeneration and how to obtain the ECM preserving the tissue specific biochemical composition and ultra-structure to promote the formation of functional tissues for clinical application. Many efforts have been made, including ECM fabrication from different kinds of cell culture, or from whole tissues and organs \[[@bib18]\]. Compared with tissue-derived ECM, cell-culture-derived ECM shows faster, easier, cheaper production and more controllable pattern \[[@bib19]\]. Less vigorous decellularization also made much more preservation of ECM composition/structure in cell-culture-derived ECM.

Though ECM from various cells (such as human dermal fibroblasts, pre-osteoblasts and BMSCs) have been applied to coat biomaterials for tissue engineering \[[@bib12],[@bib14]\], the physiological niche *in vivo* should be a complex system which is comprised of complex ECM affected by cell-cell signaling networks, and further guides multi cellular tissue self-organization and regeneration \[[@bib20],[@bib21]\]. ECM from single type of cells is hard to mimic tissue microenvironment without cell-cell signaling interactions. While it\'s common to understand that cellular neighborhoods during cell interactions influence cell behavior and have importance to stem cell biology and regeneration \[[@bib21], [@bib22], [@bib23], [@bib24]\], the influence of cell-cell communication on ECM organization and the role of the generated ECM on tissue regeneration was rarely investigated. Coculture system provides a possible way to investigate cell communication in direct or indirect manners \[[@bib25], [@bib26], [@bib27]\].

Bone remodeling is a highly coordinated process involving communication between multiple cell types present in the bone tissue, including osteoblasts, osteoclasts, fibroblasts, endothelial cells and immune cells \[[@bib28]\]. Amongst them osteoblasts forming a continuous membrane surrounding bone secrete bone organic matrix and control the matrix environment for mineralization \[[@bib29]\]. Osteoblasts at the apical membrane continuously communicate with outsides, including multiple cell communication and signaling transportation, which finally influence bone remodeling and bone regeneration *in vivo*. One of these influences should be fibroblasts, which are abundant around osteoblasts in bone tissue and mass accumulated at the beginning of bone regeneration. Moreover, ECM secreted by fibroblasts has also been demonstrated to promote tissue regeneration, including muscle, nerve, artery and bone tissue \[[@bib3],[@bib30]\]. However, the communication between osteoblasts and fibroblasts and ECM secreted by them were rarely reported.

Here, we cocultured osteoblasts and fibroblasts at different ratios directly to generate complicated ECM to mimic bone local microenvironment. Arrangement and cell-cell communication between two cell types were monitored during coculturing. Structure and matrisome composition of the complicated bone mimetic ECM (BM-ECM) were characterized comprehensively. The effect of BM-ECM on cell proliferation, cell adhesion and osteogenic differentiation were investigated respectively. Moreover, SIS scaffolds coated with BM-ECM were implanted into mouse calvarial defects to assess the ability of BM-ECM for bone regeneration *in vivo*.

2. Materials and methods {#sec2}
========================

2.1. Cell culture and generation of decellularized ECM {#sec2.1}
------------------------------------------------------

MC3T3-E1 cells were cultured in αMEM medium supplemented with 10% fetal bovine serum and penicillin (100U/ml)-streptomycin (0.1 mg/ml). NIH/3T3 cells were cultured in DMEM medium supplemented with 10% bovine calf serum, 0.1 mM NEAA (non essential amino acid) and penicillin (100U/ml)-streptomycin (0.1 mg/ml). To obtain the coculture of MC3T3-E1 and NIH/3T3 cells (MC/NIH cocultures), these two kinds of cells were typsinized into single cells and mixed together in coculture medium (MC3T3-E1 medium:NIH/3T3 medium = 1:1, v/v) at the density of 1.6 × 10^5^ cells/ml with different ratios of cell number (MC3T3-E1:NIH/3T3 = 9:1, 7:3, 5:5, 3:7, 1:9). The mixed cells were seeded and cultured in tissue culture plates for 10 days. Fresh medium was changed every other day.

Decellularized ECM from MC3T3-E1, MC/NIH cocultures and NIH/3T3 cells was prepared following the decellularization process as reported previously \[[@bib19]\]. Briefly, Cells were treated with pre-heated triton X-100 at 37 °C for 5 min, and washed with PBS for 3 times. After that, cells were frozen at −80 °C for 40 min and thawed in pre-heated PBS at 37 °C for 40 min, following with PBS washing for 3 times. The freeze/thaw (−80 °C/37 °C) cycles was repeated twice again. All samples were treated with DNase (50 U/ml)/RNase (50 μg/ml) for 2 h at 37 °C, and subsequently washed with PBS for 3 times.

2.2. Gene expression assay (mRNA and protein) {#sec2.2}
---------------------------------------------

Total mRNA isolation and real-time qPCR performance were operated as previously reported \[[@bib31]\]. Briefly, cells were rinsed with PBS and lysed in RNA-Solv Reagent (R6830-02, Omega, Guangzhou, China) according to the manufacturer\'s instruction. The concentration and purity of mRNA were assessed by UV absorbance at 230 nm, 260 nm and 280 nm using a microplate spectrophotometer. The first-strand cDNA was synthesized using the TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix kit (TransGen Biotech Co. Ltd, Beijing, China). The relative gene expression on mRNA level was assessed by real-time qPCR with SYBR reagent from TransGen Biotech Co. Ltd and calculated by comparative Ct method (2^-(ΔΔC(t))^). Actin was introduced as an internal control.

Alkaline phosphatase (ALP) staining was used to assay the activity level of ALP protein in cells as described previously \[[@bib31]\]. Immunofluorescence staining (IF) was used to visualize protein distribution pattern and protein expression level. Primary antibodies for COL1A1 (ab21286, Abcam, Shanghai, China) and Ocn (ab93876, Abcam) were used. F-actin for cell adhesion assay was stained by phalloidin (Beijing Solarbio Science & Technology Co., Ltd, China) following the manufacturer\'s instruction. Working solution of phalloidin was 150 nM. Secondary antibodies conjugated with Alexa Fluor® 555 or Alexa Fluor® 488 (CST, Shanghai, China) were applied. DAPI was used to show nuclei, and antifade solution was used for sample stocking.

2.3. Fluorescence protein labeling and cell-cell communication assay {#sec2.3}
--------------------------------------------------------------------

To identify the intercellular communication between fibroblasts and osteoblasts, green fluorescence protein (GFP) and red fluorescence protein (RFP) were used to label cells. MC3T3-E1 and NIH/3T3 cells were cultured on a 24-well plate at the density of 3 × 10^4^ cells/well. On next day, 300 μL fresh medium were added into each well, following with 1 μL auxiliary transfection reagent and 10 μL lentivirus containing GFP or RFP expression sequence (ViGene Biosciences, Shangdong, China). Three days later, the labeling cells were passaged and selected by puromycin (MC3T3-E1, 8 μg/ml; NIH/3T3, 2 μg/ml) for 7 days. GFP-MC3T3-E1 and RFP-NIH/3T3 were imaged under fluorescence microscope.

To investigate intercellular communication in MC/NIH cocultures, flow cytometry and transwell-cell culture were introduced. For flow cytometry, GFP-MC3T3-E1 and RFP-NIH/3T3 were cocultured at the ratio of 9:1 (MC:NIH, cell number). The cells in four groups (GFP-MC3T3-E1, RFP-NIH/3T3 and labeled MC/NIH cocultures on day 1 or day 10) were seeded into 6-well plate. The cell density was 1.6 × 10^5^ cells/ml and 2 ml cell suspension solution was added into each well. The cells were typsinized into single cells after culturing and run in a flow cytometer (CytoFLEX, BECKMAN COULTER, CA, USA). The results were analyzed with Flowjo software. For transwell-cell culture, GFP-MC3T3-E1 cells were cultured on the wells in a 24-well plate, while RFP-NIH/3T3 cells were cultured in transwells. Reversely, RFP-NIH/3T3 cells on a 24-well plate and GFP-MC3T3-E1 cells in transwells were performed. The cells on plates were imaged under fluorescence microscope on desired time.

2.4. Morphology of ECM assay {#sec2.4}
----------------------------

Scanning electron microscope (SEM) and atomic force microscope (AFM) were used to observe the surface of ECM. Samples were fixed in 4% paraformaldehyde PBS for 30 min at room temperature, following with PBS washing. After that, the samples were dehydrated in 50%, 70%, 90%, 95% and 100% ethanol for 15 min each, and dried in a frozen vacuum. For SEM scanning, the samples were sputter-coated with platinum and examined under an SEM (SU-70, Hitachi, Japan). AFM (Oxford Instruments, Cypher S) was utilized to determine the height of ECM surface.

2.5. Quantification of ECM proteins and glycosaminoglycans (GAG) {#sec2.5}
----------------------------------------------------------------

The total ECM proteins, collagen proteins and GAG were quantified respectively. The ECM from decellularized cells was mechanically detached from tissue culture plates, and UA buffer (8 M urea, 150 mM Tris-HCl, pH8.0) was added to lyse the ECM pallet under agitation at 37 °C for 2 h. After cooling, the lysate was sonicated (80W, 10 s on/15 s off, 10 cycles), and then boiled for 15 min. After centrifuged at 14,000 g for 40 min, the supernatant were transferred to a new tube and quantified with BCA Protein Assay Kit (Bio-Rad, USA).

Collagenous proteins were stained and quantified by Sirius Red/Fast Green collagen staining kit (Chondrex, Inc.) as previously \[[@bib19]\]. ECM in a 24-well plate was fixed in Kahle fixative (26.7% ethanol/3.7% formaldehyde/2% glacial acetic acid in distilled water) for 10 min at RT, stained with dye solution for 30 min at RT, and eluted with dye extraction buffer in the kit. OD540 and OD605 was measured and used to calculate the amount of collagen proteins.

For GAG content quantification, cells were cultured on a 24-well plate and decellularized. GENMED GAG quantification kit via DMMB (GENMED scientifics Inc., Wilmington, DE) was used to determine GAG content in ECM according to the manufacturer\'s instructions. Standard GAG samples in the kit were assayed in the meantime to prepare a standard curve.

2.6. Preparation of ECM/SIS scaffolds {#sec2.6}
-------------------------------------

Small intestinal submucossa (SIS), a natural collagenous ECM, was used as an ideal biomaterial with multiple modifications for bone tissue engineering in our previous papers \[[@bib32], [@bib33], [@bib34], [@bib35], [@bib36]\]. In the present study, we also introduced SIS scaffold as a basic biomaterial to investigate the effects of coculture-ECM on bone regeneration *in vivo*. First, SIS scaffolds were cut into round constructs measuring 4 mm in diameter by biopsy punches. Lyophilized SIS scaffolds (Cook Biotech, Inc., Weat Lafayette, IN) were rehydrated in complete culture medium for at least 24 h before cell culture. MC3T3-E1, MC/NIH and NIH/3T3 cells were seeded on SIS scaffolds in 96-well plates at 5 × 10^4^ cells/well and cultured for 10 days. M-ECM/SIS, MN-ECM/SIS and N-ECM/SIS scaffolds were obtained after decellularization and stored at −80 °C.

2.7. Mouse calvarial defect model {#sec2.7}
---------------------------------

Healthy adult male C57 mice (8 week) were purchased from SFP Biotechnology Co., Ltd. (Beijing, China). The mice were randomly divided into three groups (n = 5). The animals were anesthetized by an intraperitoneal injection of sodium pentobarbital (1%, 50 mg/kg) on a super clean bench. Critical-sized (4 mm) defects were created on the skull, following with implantation of different scaffolds. The mice were sacrificed at 3 and 6 weeks. After that, the skulls were collected surgically and fixed in formaldehyde (4%) overnight. Soft X-ray photographs were taken for radiological analysis under IVIS® Lumina XRMS Series Ⅲ.

2.8. Ethical statement {#sec2.8}
----------------------

All experimental procedures involving animals in this study were conducted in compliance with the Chinese legislation regarding the use and care of laboratory animals and were approved by the Animal Care and Use Committee of Ningbo University.

2.9. Sample harvesting and histological staining {#sec2.9}
------------------------------------------------

The samples were rinsed with PBS and decalcified in 10% (w/v) sodium citrate/22.5% (v/v) formic acid (Morse\'s solution) for 2 days, neutralized with 5% sodium sulfate for 6 h, and washed with water for 6 h. The samples were then dehydrated, embedded in paraffin, and sectioned (5 μm). Hematoxylin and eosin (H&E) staining was performed under standard procedures. Masson\'s trichrome staining (MTS) was performed according to the manufacturer\'s instructions of staining kit (Solarbio).

2.10. Tandem mass tag (TMT) technology for quantitative proteomic analysis {#sec2.10}
--------------------------------------------------------------------------

TMT labeled technology could provide a better understanding of the relative expression levels of proteins and proportion of different components in different groups as a whole. ECM from MC3T3-E1, MC/NIH cocultures and NIH/3T3 were carefully scrapped from 6 cm plates, and lysed in UA buffer as described in the method of total ECM proteins quantification. The dissolved ECM solution was filtered with 0.22 μm filters and stored at −80 °C. The proteins were separated on a SDS-PAGE gel and visualized by coomassie blue staining. After that, the proteins were undergoing enzymolysis process following filter-aided sample preparation (FASP digestion) \[[@bib37]\]. Peptide mixture of each sample (100 μg) was labeled using TMT reagent according to the manufacturer\'s instructions (Thermo Fisher Scientific). Pierce high pH reversed-phase fractionation kit (Thermo) was used to fractionate TMT-labeled digest samples into 10 fractions by an increasing acetonitrile step-gradient elution. Each fraction was injected for nano LC-MS/MS analysis on a Q Exactive mass spectrometer (Thermo) which was coupled to Easy nLC (Thermo) for 90 min. MS/MS spectra were investigated with MASCOT engine (Matrix Science, London, UK) embedded into Proteome Discoverer 1.4. For GO mapping and functional annotation, the protein sequences of differentially expressed proteins were retrieved from UniProtKB database and locally explored against SwissProt database (mouse). Normalization (−1, 1) of the studied protein relative expression data was used to performing hierarchical clustering analysis. Short Time-series Expression Miner (STEM) analysis was used to investigate the expression tendency of ECM proteins in different groups.

2.11. Statistical analysis {#sec2.11}
--------------------------

All quantitative data were expressed as the means ± standard deviation. Statistical analyses were performed using SPSS® software (Chicago, IL). Statistical significance was determined using a one-way analysis of variance (ANOVA) followed by a post hoc test (Bonferroni). A *p* value less than 0.05 was considered statistically significant.

3. Results {#sec3}
==========

3.1. Coculture of osteoblasts with fibroblasts enhanced osteogenic differentiation {#sec3.1}
----------------------------------------------------------------------------------

Osteoblasts and fibroblasts were cocultured directly on tissue culture plates as illustrated in [Fig. 1](#fig1){ref-type="fig"}a. Morphology and osteogenic differentiation assay were valued at different time points. Special spatial arrangement in the cocultures was observed on day 2, which was not observed on the first day after cell seeding ([Fig. 1](#fig1){ref-type="fig"}b). Fibroblasts were presented as vimineous and tended to grow around osteoblast population. Osteoblasts were separated into smaller population along with higher ratio of fibroblasts. Moreover, osteogenic differentiation was also promoted by coculture, especially at the ratio of 9:1 (MC3T3-E1:NIH/3T3, MC/NIH). The expression of RUNX2 and osteogenic markers (ALP, BSP and OCN) was the highest in the MC/NIH (9:1) cells at mRNA levels ([Fig. 1](#fig1){ref-type="fig"}c--f). ALP staining was used to analyze the activity of ALP in different groups ([Fig. 1](#fig1){ref-type="fig"}d), and quantification of the staining showed the highest activity of ALP in MC/NIH (9:1) cells ([Fig. 1](#fig1){ref-type="fig"}e). Consistently, the protein level of OCN was higher in MC/NIH (9:1) cells than other groups ([Fig. 1](#fig1){ref-type="fig"}f). Therefore, our later investigation was mainly focused on the coculture of MC3T3-E1 and NIH/3T3 cells at the ratio of 9:1 (MC:NIH), the abbreviation of which was MC/NIH cocultures. However, mineralization was not obvious in all kinds of cell cultures yet ([Fig. S1](#appsec1){ref-type="sec"}).Fig. 1Coculture of osteoblasts and fibroblasts promoted osteogenic differentiation. (a) Schematic diagram of MC/NIH cocultures. MC3T3-E1 (osteoblasts) and NIH/3T3 (fibroblasts) were cocultured and characterized as time lime shown. (b) Morphology of coculture cells at different ratios was imaged by a phase contrast microscope on day 1 and 2. Green "M" indicated MC3T3-E1 cells; Red "N" indicated NIH/3T3 cells; yellow dotted line indicated the edge between MC3T3-E1 and NIH/3T3 cells. (c) Real-time qPCR analysis of osteogenic associated genes (RUNX2, ALP, BSP and OCN) at different time points as indicated in (a). MC: MC3T3-E1; NIH: NIH/3T3. Protein levels of ALP (blue) and OCN (red) was analyzed by ALP staining (d) and IF staining (f) respectively. The activity of ALP in different groups in 24-well plates was quantified by ImageJ software (e). Images and data are representative of n = 3 individual experiments, and bar heights and error bars were represented as means ± SD. Scale bars: 100 μm (b&e).Fig. 1

3.2. Extracellular vesicles mediate cell-cell communication from fibroblasts to osteoblasts in cocultures {#sec3.2}
---------------------------------------------------------------------------------------------------------

Cell-cell communication is essential for cell arrangement and cellular activities, and contributes specific ECM formation. To further investigate the intercellular communication in MC/NIH cocultures, osteoblasts and fibroblasts were labeled with green fluorescence protein (GFP) and red fluorescence protein (RFP) respectively, following with coculture of labeled cells ([Fig. 2](#fig2){ref-type="fig"}a). As shown in [Fig. 2](#fig2){ref-type="fig"}b, little fibroblasts were found on the first day, while more fibroblasts were observed and arranged around osteoblast population on day 2 in cocultures, consistent with bright field images ([Fig. 1](#fig1){ref-type="fig"}b). Fibroblasts grew much faster than osteoblasts in cocultures with the special arrangement pattern until overgrowth on osteoblasts, and orange cells with both FPs (GFP and RFP) were observed on day 10. However, the appearance of orange cells may be caused by overlapped cells. To avoid the inaccuracy and make sure the FPs expression precisely, the cocultured cells on day 10 were separated into single cells and double positive cells (GFP/RFP) were still visible ([Fig. 2](#fig2){ref-type="fig"}c). Moreover, flow cytometric analysis revealed that almost all fibroblasts retained their original red label, while more than half osteoblasts were shifted to become double positive ([Fig. 2](#fig2){ref-type="fig"}d&e). The results indicated osteoblasts absorbed RFPs from fibroblasts, which was further determined by transwell assay in [Fig. 2](#fig2){ref-type="fig"}f&g. Extracellular vesicles (EVs) with RFPs were secreted by fibroblasts, penetrated through transwell membrane and observed around osteoblasts underlayer ([Fig. 2](#fig2){ref-type="fig"}f). Conversely, no EVs with GFPs were observed around fibroblasts underlayer ([Fig. 2](#fig2){ref-type="fig"}g). Moreover, double positive cells were observed in GFP-MC3T3-E1 cells underlayer ([Fig. S2a](#appsec1){ref-type="sec"}), but still not observed in RFP-NIH/3T3 cells underlayer on day 26 ([Fig. S2b](#appsec1){ref-type="sec"}). Thus, short distance in direct cocultures enhanced cell-cell communication efficiency, compared with long distance in indirect cocultures (transwell coculture).Fig. 2Extracellular vesicles mediated cell-cell communication from NIH/3T3 to MC3T3-E1. (a) Fluorescence protein labeling of cells via virus transfection. MC3T3-E1 was labeled with GFP, and NIH/3T3 was labeled with RFP. (b) IF images of labeled coculture cells (MC/NIH) under a fluorescence microscope. Green cells were MC3T3-E1 (MC), and red cells were NIH/3T3 (NIH). (c) MC/NIH cocultures were tripsinized into single cells, and were imaged under a fluorescence microscope. Yellow arrows indicated double positive cells. (d--e) Flow cytometry analysis of GFP-MC3T3-E1, RFP-NIH/3T3 and GFP-MC/RFP-NIH cocultures on day 1 and 10. GFP-MC3T3-E1 cells in cocultures on day 10 were smeared, and shifted into double positive area (d), the number of which was \~20% (e). (f--g) GFP-MC3T3-E1 and RFP-NIH/3T3 were cocultured indirectly via transwell system: RFP-NIH/3T3 cells cultured in transwells and GFP-MC3T3-E1 cells cultured on tissue culture plates (f); or GFP-MC3T3-E1 cells cultured in transwells and RFP-NIH/3T3 cells cultured on tissue culture plates (g). Cells on tissue culture plates were imaged. Images and data are representative of n = 3 individual experiments, and bar heights and error bars represent means ± SD. Scale bars: 100 μm.Fig. 2

3.3. Preparation and characterization of MN-ECM {#sec3.3}
-----------------------------------------------

The specific cell arrangement, cell-cell communication and enhancement of osteogenic differentiation in MC/NIH cocultures necessarily affected ECM secretion and organization, which might be better to mimic microenvironment *in vivo* than ECM from single cell type. To demonstrate the hypothesis, ECM from coculture cells or single cell type was obtained via decellularization after 10 days as illustrated by [Fig. 3](#fig3){ref-type="fig"}a. During decellularization, N-ECM showed low binding affinity to tissue culture plates and was easier to be washed away than other two kinds of ECMs. After that, the composition and structure of MN-ECM were characterized ([Fig. 3](#fig3){ref-type="fig"}b--g). The morphology of MN-ECM was obviously different from M-ECM and N-ECM when scanned by bright field, SEM and AFM ([Fig. 3](#fig3){ref-type="fig"}b). Bright field showed most dense structure of MN-ECM but most loose structure of N-ECM, which reflects the difference of refraction index in ECMs. Under the SEM and AFM scanning, M-ECM was dense with rough surface, while N-ECM was flat with little holes. MN-ECM combined and reorganized these two kinds of ECMs. Consistently, the distribution of COL1A1 fibers in MN-ECM also combined dense appearance in M-ECM and loose appearance in N-ECM with a certain organization ([Fig. 3](#fig3){ref-type="fig"}c). OCN, an important ECM protein in bone tissue, was not expressed in N-ECM, and the distribution was distinct between M-ECM and MN-ECM. We further quantified total protein content ([Fig. 3](#fig3){ref-type="fig"}d) and GAG content ([Fig. 3](#fig3){ref-type="fig"}e) in three kinds of ECM. MN-ECM showed the highest level among them. Moreover, the distribution of whole collagen proteins were differed from each other ([Fig. 3](#fig3){ref-type="fig"}f) and the collagen content was quantified accordingly ([Fig. 3](#fig3){ref-type="fig"}g). The collagens were schistose in M-ECM, while they were loose in N-ECM. In MN-ECM, the collagens were presented as net shape with the highest content. The specific morphology and structure of MN-ECM might be caused by the alteration of cellular activities, which were affected by cell-cell communication in the cocultures.Fig. 3Generation and characterization of ECM from secreted single cell type or cocultured cells. (a) Schematic diagram of cell-secreted ECM generation. Single cell type (MC3T3-E1 or NIH/3T3) or MC/NIH cocultures were cultured on tissue plates for 10 days to generate ECM. Complicated ECM was secreted by MC/NIH cocultures because of cell-cell communication. Decellularization was introduced to remove cells and ECM was left. (b) ECM morphology was characterized by phase contrast microscope (bright field, BF), scanning electron microscope (SEM) and atomic force microscope (AFM). Scale bars: 50 μm (BF); 2 μm (SEM and AFM). (c) IF staining of COL1A1 and OCN. Scale bars: 20 μm. Both dense and loose collagen fibers were observed in MN-ECM and separated by white dotted line. (d--f) Total protein content (d) and GAG content (e) in ECMs on 24-well plates were assessed. (f--g) Collagen fibers were stained as red (f). Collagen content in ECMs on 24-well plates was quantified according to the instructions of Sirius Red/Fast Green collagen staining kit. Scale bars: 40 μm. Images and data are representative of n = 3 individual experiments, and bar heights and error bars represent means ± SD.Fig. 3

3.4. Cell behaviors regulated by MN-ECM *in vitro* {#sec3.4}
--------------------------------------------------

To investigate the guiding effect of coculture ECM on cells in comparison to that of ECM from single cell type, BMSCs and osteoblasts were seeded on M-ECM, MN-ECM and N-ECM respectively and cell behaviors including cell proliferation, cell adhesion and osteogenic differentiation were assessed ([Fig. 4](#fig4){ref-type="fig"}a). At first, we assessed the effect of coculture ECM at different ratios (MC:NIH) on cell proliferation ([Fig. 4](#fig4){ref-type="fig"}b--c, [Fig. S3](#appsec1){ref-type="sec"}). Consistent with cell behaviors in coculture system ([Fig. 1](#fig1){ref-type="fig"}a), MN-ECM at the ratio of 9:1 showed the best promotion on BMSCs proliferation on day 3 and 5 ([Fig. 4](#fig4){ref-type="fig"}b), and on osteoblasts proliferation on day 4 and 7 ([Fig. 4](#fig4){ref-type="fig"}c), compared with other ratios and single cell type secreted ECM. Proliferation rate was highest on MN-ECM at 9:1 in both BMSCs and osteoblasts at early and middle stage, but was similar in all groups at a low level at late stage in osteoblasts ([Fig. S3a](#appsec1){ref-type="sec"}&b). No significant difference was observed in fibroblasts cultured on different ECMs ([Fig. S3c](#appsec1){ref-type="sec"}). Thus, we also mainly focused on guiding effects of cell behavior on MN-ECM at 9:1 ratio later.Fig. 4Bone mimetic ECM engineered by cocultured cells facilitated cell proliferation, adhesion and osteogenic differentiation. (a) Schematic diagram of cellular guiding effects of ECM on cell proliferation, adhesion and osteogenic differentiation. M-ECM, MN-ECM and N-ECM were prepared, following with seeding of BMSCs and osteoblasts to assess the effects. (b--c) MN-ECM promoted cell proliferation of BMSCs (b) and MC3T3-E1 (c), especially at the ratio of 9:1 (MC:NIH) (n = 6). (d--i) Cell spreading morphology of BMSCs (d--f) and MC3T3-E1 (g--i) on MN-ECM (9:1) was unique. F-actin of BMSCs (d) and MC3T3-E1 (g) was stained by FITC-phalloidin. Representative images were shown. Scale bars represented 50 μm. Cell area (e&h) and cell perimeter (f&i) were calculated based on images by ImageJ software. Twenty cells (n = 20) were measured for each individual samples and four individual experiments (n = 4) were performed for each group. (j--m) MN-ECM (9:1) promoted osteogenic mineralization of BMSCs (j&k) (n = 3) and MC3T3-E1 (l&m) (n = 4). BMSCs were cultured in osteogenic induction medium (100 nM dexamethazone, 50 μg/ml ascorbic acid and 10 mM β-glycerophosphate). Mineralization was stained by Alizarin red S and captured by a camera (j&l). The stained dye was extracted with cetylpyridinium chloride and measured at 560 nm (k&m).Fig. 4

Cell adhesion was assessed by F-actin staining at different time points (1 h, 4 h and 24 h) ([Fig. 4](#fig4){ref-type="fig"}d--i). Cells on MN-ECM exhibited specific appearance, which was different from that on other two kinds of ECMs. For BMSCs, much more pseudopodia were apparent in the cells on MN-ECM than those on M-ECM and N-ECM at 4 h ([Fig. 4](#fig4){ref-type="fig"}d). By 24 h, the cells on MN-ECM were vimineous, while the cells on M-ECM and N-ECM were spreading ([Fig. 4](#fig4){ref-type="fig"}d). Consistently, perimeter of cells on MN-ECM was much longer than that on M-ECM or N-ECM ([Fig. 4](#fig4){ref-type="fig"}f), though no significant difference of area was observed between three groups ([Fig. 4](#fig4){ref-type="fig"}e). Similar to BMSCs, osteoblasts on MN-ECM also showed a unique appearance which was vimineous at 24 h ([Fig. 4](#fig4){ref-type="fig"}g). The difference was that pseudopodia were apparent in osteoblasts on MN-ECM as early as 1 h, which was more than that on N-ECM and not apparent in the cells on M-ECM. Moreover, statistical analysis showed higher area of osteoblasts on MN-ECM at 1 h, and lower area by 4 h and 24 h, compared with M-ECM group ([Fig. 4](#fig4){ref-type="fig"}h), while perimeter of cells was longest in MN-ECM group ([Fig. 4](#fig4){ref-type="fig"}i).

Mineralization is important for osteogenic differentiation *in vitro* and bone regeneration *in vivo*. Alizarin red S staining was used to assess the mineralization in BMSCs and osteoblasts cultured on different ECMs ([Fig. 4](#fig4){ref-type="fig"}j-m). MN-ECM significantly enhanced the mineralization of BMSCs at 2 and 4 weeks ([Fig. 4](#fig4){ref-type="fig"}j&k). For osteoblasts, calcium deposition was also the highest in the cells on MN-ECM at 4 weeks, but the mineralization ability of osteoblasts was lower than that of BMSCs ([Fig. 4](#fig4){ref-type="fig"}l&m).

3.5. Bone regeneration promoted by ECM modified scaffolds *in vivo* {#sec3.5}
-------------------------------------------------------------------

SIS scaffolds were ornamented with M-ECM, MN-ECM and N-ECM *in situ*, and the complex constructs were implanted in a mouse calvarial defect model ([Fig. 5](#fig5){ref-type="fig"}a). X-ray analysis showed significant calcifying new bone formation in the middle of the defects with MN-ECM scaffolds implantation ([Fig. 5](#fig5){ref-type="fig"}b). Statistical analysis revealed MN-ECM was the most beneficial for calvarial bone regeneration in comparison to the ECMs secreted by single cell type (M-ECM and N-ECM) ([Fig. 5](#fig5){ref-type="fig"}c). Histological evaluation with H&E ([Fig. 5](#fig5){ref-type="fig"}d) and Masson trichrome staining (MTS) ([Fig. 5](#fig5){ref-type="fig"}e) further demonstrated the promotion of MN-ECM in bone repair. The newly formed bone with typical structure as sparse osteocytes embedded in lacunas with osteoblasts lining the outer edge of the bone tissue was observed in all three ECM scaffolds at 6 weeks ([Fig. 5](#fig5){ref-type="fig"}d). However, marrow cavities or blood vessels were only presented in the defects with MN-ECM scaffolds ([Fig. 5](#fig5){ref-type="fig"}d). Bone formation ratio was also higher after implantation of MN-ECM scaffolds, compared with implantation of M-ECM or N-ECM scaffolds ([Fig. 5](#fig5){ref-type="fig"}f). Newly formed collagenous fibers in MN-ECM scaffolds were much more than that in M-ECM and N-ECM scaffolds at 3 weeks ([Fig. 5](#fig5){ref-type="fig"}e&g). By 6 weeks, newly formed collagenous fibers were observed in all kinds of ECMs (M-ECM, MN-ECM and N-ECM) ([Fig. 5](#fig5){ref-type="fig"}e). Consistent with H&E staining, marrow cavities or blood vessels were apparent in the defects with MN-ECM scaffolds ([Fig. 5](#fig5){ref-type="fig"}e). The results indicated MN-ECM provided the most suitable microenvironment to mimic bone tissue niche for bone regeneration *in vivo*.Fig. 5Bone mimetic ECM engineered by cocultured cells enhanced bone regeneration *in vivo*. (a) Schematic diagram of ECM ornamented SIS scaffolds implanted into mouse cavarial defects (Ф = 4 mm). The tissues with defects were collected after 3 or 6 weeks. (b--c) X-ray images of defects implanted with ECM-SIS scaffolds (M-ECM, MN-ECM and N-ECM) (n = 5) at 6 weeks (b). The relative new bone formation was calculated by normalization to new bone formation area in the defects with M-ECM scaffolds at 6 weeks, which was measured by ImageJ software (n = 5) (c). (d) H&E staining of the cross-sections to show the histological morphology of the regenerated defects at 6 weeks. Green dotted region represented newly formed bone (NB) (black arrow). The blue boxes were magnified to present the details of NB. HB: host bone; yellow arrow: marrow cavity. (e) MTS staining of the cross-sections of the regenerated defects at 3 and 6 weeks. Newly formed collagens were visualized as blue and newly formed mature bones were visualized as red. (f) Bone formation ratio was measured by ImageJ software based on H&E staining of cross-sections of the defects at 6 weeks. Sections with newly formed bone were measured for each mouse and 5 mice were analyzed for each group. (g) Collagen area with blue color and the whole scaffold area were measured by ImageJ staining, and the ratio was calculated. Five random fields were measured for each mouse and 5 mice were analyzed for each group. Scale bars represented 50 μm.Fig. 5

3.6. ECM secreted by MC/NIH cocultures displayed a specific matrisome signature {#sec3.6}
-------------------------------------------------------------------------------

To investigate the molecular mechanism of the generated complex ECM in coculture system (MN-ECM), the protein composition in ECMs was comprehensively characterized by proteomic analysis ([Fig. 6](#fig6){ref-type="fig"}). Quantitative proteomic approaches by labeling TMT was performed to evaluate the relative abundance of ECM proteins among three kinds of ECMs. Total 178 ECM proteins were identified, of which 80 proteins were core matrisome proteins and 98 proteins were matrisome-associated proteins ([Fig. 6](#fig6){ref-type="fig"}a). Though the number of core matrisome proteins was less than 50%, the protein abundance (PSMs) of these proteins was more than 80%. In addition to the core matrisome proteins, the ECMs served as a reservoir for regulators, secreted factors and other ECM-affiliated proteins were less abundant but with more kinds of proteins. Statistical analysis showed 124 proteins were assessed with significant difference among three kinds of ECMs (M-ECM, MN-ECM and N-ECM) ([Fig. 6](#fig6){ref-type="fig"}b).Fig. 6Quantitative proteomic analysis of ECMs secreted by cocultured cells (MN-ECM) revealed a unique matrisome signature. (a) Matrisome signature of cell secreted ECM as presented by pie chart. Distribution of ECM proteins was calculated by protein numbers (left) and protein abundance (PSMs, right) of each matrisome protein sub-category, respectively. (b) Distribution of protein numbers with or without statistical significance among three kinds of ECM. (c) Heatmap of quantitative proteomics using TMT labeling. The fold-change in protein detection levels normalized to the mean of M-ECM in log~2~ scale was shown. (d) Short-time series expression miner (STEM) of ECM proteins with statistical significance. According to the expression tendency, ECM proteins were divided into four clusters. Distribution of protein numbers was presented for each cluster. (e--f) ECM proteins in cluster 2 (e) and cluster 3 (f) were listed from highest changes to lowest changes. The color of proteins was consistent with the sub-category in pie chart. (g--h) GO analysis of ECM proteins in cluster 2 and cluster 3, including biological process (g) and molecular function (h). Red color represents the ECM proteins expressed highest in MN-ECM in cluster 2 and blue color represents the proteins expressed lowest in MN-ECM in cluster 3. Triplicate independent experiments were performed for each group.Fig. 6

The expression of ECM proteins was presented in the format of a heat map ([Fig. 6](#fig6){ref-type="fig"}c), and short time-series expression miner (STEM) was introduced to analyze the results ([Fig. 6](#fig6){ref-type="fig"}d). In the present study, the ECM proteins were separated into four clusters according to their expression tendency. Sixty-two proteins were expressed highest in M-ECM with major core matrisome proteins (cluster 1), while only 19 proteins were expressed highest in N-ECM with major matrisome-associated proteins (cluster 4). Interestingly, 28 proteins were assessed as highest expression (cluster 2) and 12 proteins were assessed as lowest expression (cluster 3) in MN-ECM. The STEM in each sub-category of ECM proteins was also presented and each ECM protein was listed ([Figs. S4--S9](#appsec1){ref-type="sec"}). The ratio of proteins in cluster 2 was higher in collagens, proteoglycans, regulators, affiliated proteins and secreted factors than the ratio of that in total proteins, only except glycoproteins ([Fig. S10](#appsec1){ref-type="sec"}). To further define the specific protein composition in MN-ECM, the fold change of ECM proteins in cluster 2 and cluster 3 was listed from high to low in [Fig. 6](#fig6){ref-type="fig"}e&f respectively. The top 17 ECM proteins expressed highest in MN-ECM were mainly matrisome-associated proteins, besides 3 core matrisome proteins (VTN, DCN and COL24A1). The results indicated core matrisome proteins mainly depended on cell type, and the expression of these proteins tended to be stable relatively without great changes. The function of MN-ECM might be mainly regulated by matrisome-associated proteins.

GO analysis of proteins in cluster 2 and 3 suggested MN-ECM might contribute to multiple biological process of cells (including biological adhesion, cell proliferation, cell differentiation, cell migration, angiogenesis and immune system) ([Fig. 6](#fig6){ref-type="fig"}g, [Table S1](#appsec1){ref-type="sec"}&S2) and molecular functions (including protein binding, iron binding and ECM binding) ([Fig. 6](#fig6){ref-type="fig"}h, [Table S3](#appsec1){ref-type="sec"}&S4). Moreover, 15 ECM proteins in cluster 2 and 3 were specifically associated with calcium iron binding among iron binding, which might contribute to osteogenic mineralization ([Table S3](#appsec1){ref-type="sec"}&S4).

4. Discussion {#sec4}
=============

Accumulated researches introduced ECM-like scaffolds with tissue mimetic niches for tissue regeneration via recruitment of endogenous cells \[[@bib2],[@bib38]\]. Compared with artificial ECM with single or a few compositions, natural ECM secreted by cells harbored a complex network including collagen fibers, glycoproteins, cytokines and proteoglycans under ordered arrangement, and contributed the process. Here, we cocultured fibroblasts and osteoblasts to generate a complex ECM under guidance of unique cell arrangement and cell-cell communication ([Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}), which effectively regulated proliferation, attachment and osteogenic differentiation of BMSCs and osteoblasts *in vitro* ([Fig. 5](#fig5){ref-type="fig"}), and enhanced bone regeneration *in vivo* ([Fig. 6](#fig6){ref-type="fig"}). The complex ECM generated in a coculture system represents several unique advantages: (1) better guidance of multiple cell arrangement than single cell culture; (2) tissue mimetic niche organized by multiple cells under cell-cell communication; (3) easy operability and controllability with low immunogenicity after implantation *in vivo*; (4) extensive application with different cell composition depended on tissue properties and (5) surface modification on multiple biomaterials as "off-shelf" implants after decellularization.

Tissues are composed of ECM with mechanical and physiological support, and multiple cells with accurate organization. The arrangement of different cells is essential for tissue ECM generation with unique microenvironment. In the present study, fibroblasts and osteoblasts were cocultured together and unique cell arrangement was formed along with alteration of cellular activities ([Fig. 1](#fig1){ref-type="fig"}). In the coculture system, fibroblasts grew fast around osteoblasts and osteogenic maturation of osteoblasts was stimulated by surrounding fibroblasts due to the specific cell order and cell-cell communication. Previously, a gold standard coculture model was tranwell culture. The model was beneficial to investigate paracrine pathways between different cells, but blocked cell interaction and cell arrangement which limited application in tissue regeneration. Later studies ever did efforts to arrange different cells together in a specific order artificially. For example, HUVEC and MSCs were mixed into fibrin bioinks and printed HUVEC fibers and MSCs fibers alternately in a round shape \[[@bib26]\]. Here, we found fibroblasts and osteoblasts could form circle-surrounding construct spontaneously via their own activities which should be closer to clarify cell-cell communication naturally. Accordingly, recent studies introduced coculture of multiple cells direct together to mimic tissues *in vivo* \[[@bib27],[@bib39],[@bib40]\]. Myoblasts were cocultured with hMSCs to induce transdifferentiation under electric field stimulation \[[@bib27]\]. Coculture of glioblastoma cells and endothelial cells mimicked tumor niche to increase glioblastoma cell proliferation and to decrease endothelial cell expression of cell adhesion proteins \[[@bib39]\].

The advantage of coculture *in vitro* is convenient to regulate the cell ratio to achieve the best effects. In this study, we designed multiple ratios of osteoblasts and fibroblasts, and 9:1 (MC:MIH) of the seeding ratio was demonstrated to be the best with the highest expression of osteogenic differentiation markers. The advantage of coculture *in vitro* is convenient to regulate the cell ratio to achieve the best effects. In this study, we designed multiple ratios of osteoblasts and fibroblasts, and 9:1 (MC:MIH) of the seeding ratio was demonstrated to be the best with the highest expression of osteogenic differentiation markers. In the cocultures, osteoblasts and fibroblasts were undergoing different cell fates. Osteoblasts were mainly undergoing osteogenic differentiation, along with up-regulation of differentiation markers and alteration of cell morphology ([Figs. 1](#fig1){ref-type="fig"} and [2b](#fig2){ref-type="fig"}). However, proliferation of osteoblasts was inhibited at the meantime. Then, fibroblasts in the cocultures were mainly undergoing cell proliferation ([Fig. 2](#fig2){ref-type="fig"}). The cellular activities of osteoblasts and fibroblasts during the coculturing led to the ratio alteration as the higher ratio of fibroblats and lower ratio of osteoblasts on day 10 ([Fig. 2](#fig2){ref-type="fig"}d&e). Even though, the seeding ratio of 9:1 (M:N) was demonstrated with the highest activities of osteogenic differentiation ([Fig. 1](#fig1){ref-type="fig"}) and the derived ECM was considered as the best for cell proliferation ([Fig. 5](#fig5){ref-type="fig"}b&c).There are two possibilities: (1) A small amount of fibroblasts at the beginning is important to trigger the activities of osteoblasts. Then, the proliferation of fibroblasts and cell-cell communications further promotes the events. (2) Osteoblasts secrete the major functional ECM proteins for bone regeneration. Higher amount of fibroblasts diluted the roles of osteoblasts. Proper ratios of osteoblasts and fibroblasts are essential for the functions of the cocultures.

In the MC/NIH coculture system, it\'s interesting to find that the cell-cell communication was not bi-directional, but mainly unidirectional from fibroblasts to osteoblasts via EVs ([Fig. 2](#fig2){ref-type="fig"}). Double staining cells mainly shifted from GFP-osteoblasts after absorbing RFP secreted by fibroblasts. Transwell coculture demonstrated EVs as messengers from fibroblasts to osteoblasts. However, the communication was much slower than coculture together ([Fig. S2](#appsec1){ref-type="sec"}), which indicated other interactions occurred between the two cell types. It\'s common that cell-cell communication is the key for higher-order biological functions in multicellular tissues \[[@bib41],[@bib42]\]. Coculture system provides the opportunity to study the mechanisms of cell-cell communication and multicellular behaviors. In coculture system, cell fate in recipient cells was directed by the cell-cell communication to support a differentiated function, including paracrine, exosomes or EVs, and direct cell-cell interactions via transmembrane proteins \[[@bib41]\]. Consistent with our study, juvenile chondrocytes (CHs) in coculture with adult mesenchymal stem cells (MSCs) improved chondrogenesis of MSCs via EVs from CHs to MSCs and promoted cartilage engineering \[[@bib25]\].

Our previous studies focused on the effects of single cell type behavior on ECM secretion and ECM-ornemented biomaterials for bone regeneration \[[@bib34], [@bib35], [@bib36]\]. Compared with ECM from single cell type, ECM from multiple cells presented multiple advantages due to multiple cell organization and cell-cell communication mentioned above. Cumulative evidences have demonstrated the interactions between two cell types improved ECM remodeling \[[@bib25],[@bib43]\]. ECM providing complex local heterogeneous microenvironments modulated cellular activities via cell-matrix interactions \[[@bib44],[@bib45]\]. The composition and structure of ECM depended on cell type, local environment, availability of substrates and shear forces \[[@bib46],[@bib47]\]. Spatial, chemical and mechanical cues in ECM influenced cell-ECM interactions via activation of intracellular signaling cascades and further affected cellular behaviors \[[@bib48]\]. Consistently, our present study demonstrated the ECM generated by MC/NIH cocultures possessed unique structure and molecular composition ([Figs. 3](#fig3){ref-type="fig"} and 4) and was beneficial for cell proliferation, adhesion and osteogenic differentiation ([Fig. 5](#fig5){ref-type="fig"}), and further promoted bone regeneration *in vivo* ([Fig. 6](#fig6){ref-type="fig"}).

Though ECM has been realized as a functional biomaterial with various biochemical components to recapitulate complicated microenvironments and broadly applied for tissue regeneration \[[@bib49],[@bib50]\], the further question was why they worked in specificity. Many efforts have been made to rationalize the specific functionalities of ECM biomaterials, including proteomic analysis \[[@bib51], [@bib52], [@bib53]\]. Proteomic analysis provided a powerful way to understand ECM matrisome comprehensively, including the compositions and potential biological functions \[[@bib54],[@bib55]\]. Proteomic composition of stem cell-derived ECM has been characterized, including ECM from bone-marrow-derived MSC \[[@bib54]\], adipose-derived MSC \[[@bib54]\] and osteoblast-differentiated MSCs \[[@bib56]\]. However, proteomic composition of ECM from fibroblasts or osteoblasts, especially cocultured cells, was rarely reported. Here, we figured out unique ECM matrisome from MC/NIH cocultures and single cell type (fibroblasts or osteoblasts) respectively via proteomic analysis. It\'s interesting that the levels of ECM proteins in MN-ECM were not only between M-ECM and N-ECM, but with great change. In MN-ECM, 28 proteins were expressed highest and 12 proteins were expressed lowest. The results might be caused by the activity alteration of osteoblasts, which was guided by fibroblast in the cocultures ([Fig. 2](#fig2){ref-type="fig"}). The most abundance of ECM proteins in N-ECM were matrisome-associated proteins. Consistently, fibroblasts greatly increased matrisome-associated protein secretion of osteoblasts in the cocultures ([Fig. 6](#fig6){ref-type="fig"}e), including ANGPTL4, S100A4, SERPINH1, S100A11 and so on (from high to low). These genes were reported to play essential roles in biological process and might contribute to the function of MN-ECM. For example, ANGPTL4 was a key factor in the modulation of angiogenesis and in bone regeneration \[[@bib57]\]. The expression of ANGPTL4 was increased in mineralizing periodontal cells on day 14 of culture and was induced by hypoxia in periodontal fibroblasts \[[@bib58]\]. SERPINH1 encodes the collagen chaperone HSP47 that binds to the type I precollagen trimers and regulated the folding and stabilization of triple helical domain. *SERPINH1* mutations have been associated with osteogenesis imperfect \[[@bib59]\]. Thus, the results also provided orientations to investigate ECM matrisome in depth in future.

5. Conclusions {#sec5}
==============

In conclusion, the present study developed a novel strategy to generate tissue mimetic ECM with excellent bioactivities for bone regeneration. In the coculture system, existence of fibroblasts promoted osteoblasts undergoing osteogenic maturation. The cell communication between different cell types guided the tissue mimetic ECM engineering with specific morphology and molecular components. The generated ECM from coculture cells provided unique biophysical and biochemical cues for cell-matrix interactions and regulated cell behaviors. Furthermore, the complicated ECM ornamented scaffolds with suitable microenvironment promoted collagen regeneration and new bone formation, which might be caused by the recruitment of endogenous cells and stimulation of self-healing process. The "off-shelf" products with higher bioactivities in ECM from multiple cell types than that from single cell type should be a bright choice for biomaterial decoration for tissue engineering and regenerative medicine.
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